Abstract. We present transmission spectra from the far infrared through the ultraviolet region on freestanding SWNT films at temperatures between 40 and 300 K. Several interesting features are observed in the low-frequency part of the spectrum: the Drude-like frequency dependence of the metallic tubes as well as a (sample-dependent) peak in the conductivity around 0.01 eV. We also studied the accidental nitrate doping of the SWNT samples during purification by nitric acid. Asprepared purified samples exhibit increased metallic absorption and decreased interband transitions; these features disappear on heating in vacuum.
INTRODUCTION
Frequency-dependent optical measurements on carbon nanotubes can render a wealth of information about their electronic structure. Early optical evidence for metallic (or semimetallic) carriers in single-wall carbon nanotubes came from reflectance spectra obtained in a wide temperature and frequency range [1] . Similar transmission studies on airbrushed nanotubes [2] and freestanding films [3] have not included temperature dependence. Here we present temperature-dependent spectra and the effect of accidental nitrate doping during purification, which influences the far-infrared part of the spectrum as well as the interband transitions.
EXPERIMENTAL
Self-standing SWNT films were prepared by filtration of a dilute solution [3] of laserproduced material [4] . The sample used for optical measurements was transferred to a graphite template with an approximately 4 mm hole. This sample geometry and the high transparency of the film allowed us to measure transmission with high reproducibility. We used two different spectrometers with liquid helium cryostats: in the FIR through MIR range a Bruker 113v spectrometer, in the NIR, visible and UV a modified PerkinElmer grating spectrometer. Spectra were obtained before and after heat treatment in vacuum at 1000 • C(to remove HNO 3 that p-dopes the material; the procedure is hereafter referred to as "baking"). We examined three different samples. Samples 1 and 2 were of the same batch, one baked and one unbaked; sample 3 was from a subsequent batch, here data were taken on the same specimen before and after baking. Figure 1 shows the transmission of the samples at room temperature. The films reach transmission values of up to 80 per cent around 3000 cm −1 and are highly transparent (above 30 per cent) throughout the whole midinfrared range. Baking increases transparency in the far infrared and decreases it somewhat at higher frequencies. For application purposes, obviously the featureless midinfrared region is of importance, but the information about fundamental materials properties is carried by the highly absorbing structures in the far and near infrared.
RESULTS AND DISCUSSION
The transmission must be consistent with Kramers-Kronig relations, just as is the reflection, and the phase shift on transmission may be estimated from a Kramers-Kronig integral on ln T , just as with the reflectance. After computing the phase, one may extract the complex refractive index (and all other optical constants) using equation (1) .
where δ = ωNd c . The sample thickness d can be a fitting parameter as well, but in our case we used 350 nm for Sample 1 and 2 and 150 nm for Sample 3, obtained from AFM measurements.
We fitted the transmission data by a Drude-Lorentz model. In the fits to the optical conductivity σ 1 of Sample 2 (totally removed HNO 3 ) one can clearly see a low frequency oscillator (Figure 2. ). This phenomenon has been predicted, attributed to a secondary gap caused by the curvature of certain semimetallic tubes [5] or the symmetry breaking by the neighboring tubes in metallic nanotube bundles [6] . Ouyang et al. [7] have measured both gaps on individual nanotubes by tunneling spectroscopy; based on their results, we attribute the 8 meV peak to a curvature-induced gap in low-gap semiconducting tubes. Consequently, we assign the broader Drude contribution to metallic (armchair) tubes. The sample dependence of the low-frequency behavior is probably caused by the fact that the small gaps are easily filled by extrinsic carriers even at minimal doping. It is apparent that observable changes on dedoping occur almost exclusively in the narrow Drude part. This change is accompanied by a sharpening and strengthening of the high-frequency van Hove transitions, already shown by Hennrich et al. [8] , as the valence bands of high-gap semiconducting tubes are filled by electrons. The oscillator strength shows little temperature dependence. Such behavior is expected in normal metals, however, we see also very weak dependence of the scattering rates on temperature. This is consistent with previous optical [1] and dc measurements and points to the possibility of exotic transport mechanisms in nanotubes.
CONCLUSIONS
We measured the transmission spectra of ultrathin SWNT films in a wide temperature and frequency range. The low-frequency part of the spectrum can be fitted with two components, which we attribute to armchair and low-gap semiconducting tubes, respectively. Optical signatures of hole doping can be observed only in the semiconducting tubes (both low-and high-gap). The temperature dependence of the optical functions is much weaker than what would be expected for conventional metals.
